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Abstract 
Nowadays environmental sustainability is one of the main goals of all manufacturing processes. Earth health and new 
environmental laws are the driver of some novel processes and manufacturing technologies. In this way, industrial sectors are 
taking into account these ideas and making efforts to achieve a green and innovative image. 
New manufacturing technologies have emerged, being day by day more efficient and eco-friendly; trying to reach the Green 
Manufacturing idea. Biomachining is one example.  
The main objective of this paper is to analyse material removal procedure by using microorganisms in high purity materials like 
Oxygen-Free Copper. These kind of materials is highly used in a variety of industrial applications, such as LHC (Large Hadron 
Collider). 
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1. Introduction 
Copper was one of the first metals used by humans in prehistory. Its importance was so high that even historians 
have called two past periods as Copper Age and Bronze Age. Although its use decreased with the development of 
the steel industry, in 1831s after the discovery of electric generator by Faraday copper use increased getting itself to 
convert back into a strategic material. 
This material is economically accessible, and its characteristic properties make the use of copper extend to 
various applications. Today it is appreciated for its various qualities; this material is an excellent electrical 
conductor (second before silver), recyclable, easy to alloy and antibacterial.  
According to various sources and as it can be seen in Fig. 1, the higher the technological development is, the 
higher the use and demand of the copper will be. Countries with a high level of industrialization, with an average of 
1.100 million people as a whole, have a consumption of 10 to 15 kilos of copper per person and per year. The 
developing countries, however, with a population around 4.9 million people, consume about 2 kilos of copper per 
person and per year. 
 
 
Fig. 1. World refined copper usage in thousand metric tons, from 1900 to 2011. Source: International Copper Study Group. 
Participating directly or indirectly in all industries that are emerging as leaders of XXI century, it is possible to 
say that copper demand not only will grow with progress, it will help to that progress become true. 
Among different types of copper, is the called Oxygen-Free Copper, OFC, material used in this research. The 
OFC is typically specified by ASTM/UNS database as C10100, as it presents a minimum grade of conductivity of 
101% IACS, being 100% IACS the grade of conductivity of copper. 
OFC is commonly used in industrial scope and in applications for audio systems. In the first one, this type of 
copper is more valued for its chemical purity (the percentage of oxygen that it has is insignificant) than for its 
electrical conductivity. Current projects such as ion accelerator of ESS-Bilbao (ESSB), whose functional 
components are mostly made of copper, are a clear example of the need to control the machining of copper. In a 
near future it will be of high value the Know-How of the companies that are able to control the process of 
machining parts and components obtaining them without any thermal or structural damage and maintaining the 
required precision demanded by the customer. For example, note that in the installations named before, are required 
precisions of 5 microns in lengths higher than 10 meters. 
Nowadays the increased awareness that is being acquired about climate change, affects humans daily life: 
consume less energy, recycle abundantly and limit as far as possible the use of elements that are harmful to the 
atmosphere between others. In short, humans have to avoid any acts or process that could impact the environmental 
degradation. Due to the hardening of environmental protection laws, companies must bet in new manufacturing 
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methods or improve the existing ones. Processes such as dry machining or cryogenic machining are seeing their use
increased in recent years and studies like that one done by Sreejith and Ngoi (2000) endorses it.
Biological machining or biomachining, also known as machining via bacteria, is emerging too. The
biomachining as well as being more environmental friendly than other methods of metal removal, has advantages
like lower power consumption, major energy efficiency, low cost and elimination of thermal damage in the
workpiece (Istiyanto et al. (2011)). Various studies have been conducted to date on this issue, all on laboratory 
scale. This are some examples: Ting et al. (2000), Johnson et al. (2007), Chang et al. (2008), Istiyanto et al. (2010),
Istiyanto et al. (2011) and Hocheng et al. (2012).
By the present study the biomachining of high purity metals, like OFC, is going to be analyzed. As named 
before, various studies have been done to date about the biological machining both in OFC and other materials. But
this research intends to go deeper in the process, focusing on complementary aspects of those described in the
bibliography and analyzing the influence that different factors have in the process.
Mention that before the tests performed in a laboratory, which will be detailed later, as a first contact some
biomachining tests were made in a natural bacterial medium, concretely in Rio Tinto (Huelva, Spain). The
methodology carried out and the results are collected in the research presented in Rodriguez-Ezquerro et al (2012).
2. Biomachining process
Biomachining process is based on the metallic material removal process by solubilization through pure 
chemical reactions in dissolution, where the ‘simile’ of cutting tools for machining process would be the bacteria.
Once this process is adequately controlled, this new technology can be used as an alternative to micro-milling 
operations, micro EDM or chemical milling.
The process of biomachining when copper is the metallic material, is illustrated in a simplified form in Fig. 2,
along with the chemical reactions that characterize it. When the metal is introduced into the bacterial medium,
which must contain divalent iron, the bacteria is adhered to the metal surface using substances known as EPS
(Extracellular Polymeric Substances). Next, the bacteria pick Fe2+ cation of the medium and through an internal 
catalytic process they make iron loses one electron, thus becoming Fe3+.  The new generated cation is an oxidizing
agent, which is capable of reacting with pure copper oxidizing it to Cu2+. Simultaneously, when copper is oxidized,
Fe3+ is reduced, returning to Fe2+.  The divalent iron is then caught again by bacteria, repeating all the process
cyclically.  
Fig. 2. Illustration of a biomachining process on OFC workpiece and process chemical reactions. Illustration adapted from Istiyanto (2010).
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Previous studies of biomachining, commonly use two types of bacteria for the removal of metals biologically: in 
Chang et al. (2008) Acidithiobacillus Thiooxidans is used, whereas, other ones, such as Johnson et al. (2007) 
makes the studies with Acidithiobacillus Ferrooxidans. Both are characteristic because of their small size (diameter
less than 0.5 microns for the second one). The major difference between these organisms proves to be the value of 
the pH of the medium they are able to survive: unlike Acidithiobacillus Ferrooxidans, the Acidithiobacillus
Thiooxidans need a very acid medium (pH less than 1 or equal).
To carry out this study, Acidithiobacillus Ferrooxidans bacteria (A.F. from now on) were used, whose 
microscopic observation is shown in Fig. 3.
Fig. 3. Microscopic observation in the UPV/EHU of Acidithiobacillus Ferrooxidans bacteria used in the present study.
3. Experimental set-up
The first step necessary to initiate the study was to select the size of the copper specimens for tests. After the
collection of the studies of Johnson et al. (2007), Istiyanto et al. (2010) and Chang et al. (2008) on the metal 
biomachining, it was observed that in most cases the samples used were small, square and with a small thickness. 
Therefore, it was decided to work with OFC samples of 10 mm x 10 mm of useful surface and 2 mm of thickness.
Each sample had a hole for hanging them in the active medium to perform the tests (see Fig. 4). One of the faces of 
the sample was polished.
Fig. 4. (a) Dimensions of the specimens used in the tests; (b) Placement of the specimen in dissolution.
4. Previous phase without bacteria. Chemical machining
The objective pursued by this first experimental phase, prior to the use of bacteria, was to obtain practical
experience in this area of study. To this end, as Fe3+ is the fundamental chemical specimen in biomachining, a
series of tests with Fe3+ dissolutions and OFC samples were carried out. Dissolutions were prepared essentially 
reproducing basically the mediums used in the biomachining studies gathered in the literature (Johnson et al.
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(2007), Istiyanto et al. (2010) and Istiyanto et al. (2011)), available from ferric salts (sulfates) and acidified to pH
about 2 with sulfuric acid.
4.1. Tests
Two dissolutions of trivalent iron (Fe3+) were prepared in a sulfuric medium, with 1 gFe3+/L and 5 gFe3+/L of 
concentrations. Pre-weighed samples of OFC were introduced suspended into dissolutions in polyethylene bottles.  
In order to study the effect of the concentration of Fe3+ in the removal of cooper, in a first test, the bottles were
kept in an orbital shaker at 90 rpm, at 26oC. At 15 minutes, the samples were extracted and weighed after washing
and drying, to determine the mass loss. Then the treated samples were placed in new dissolutions, repeating the
treatment for 30 minutes, and so on until a total of 6 treatments (90 minutes). 
The effect of temperature was also studied with a second experiment. The above procedure was repeated but at
56oC, only in a dissolution with a concentration of 5 gFe3+/L.
To analyze the evolution of removal rate during the process, a third test was performed analogous to the first
one, but now using a single portion of 5gFe3+/L dissolution and extracting and analyzing the sample every 45
minutes for a total time of 3 hours.
In all cases, it was determined the evolution of Fe3+ concentration, among other parameters, and the samples
were analyzed superficially by optical microscopy and via SEM after the tests were concluded.
4.2. Results
From the results of the first two trials, as shown in Fig. 5, it was concluded that the increase of both Fe3+
concentration and tests temperature favored copper weight loss. The improvement that the increase of Fe3+
concentration causes was appreciable from the first moment of the test, whereas the improvement that higher
temperature causes could be seen just after 45 minutes. Thus, the value of Fe3+ concentration affects the weight
loss more than the temperature.
  
Fig. 5. Copper weight loss versus time of exposure for the dissolutions tested with different concentrations and different temperatures.
Regarding the surface analysis, the samples exposed to high concentration of trivalent iron had higher value of 
roughness and worse surface quality. However, the temperature rise in the process did not significantly affect the
surface quality.
Analyzing the evolution of metal removal rate of copper from the third test, it was found that this decreased 
gradually, but not linearly with time of exposure. In the same test Fe3+ concentration was analyzed and as well as
the material removal rate, it decreases with the time. These results can be observed in Fig. 6.
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Fig. 6. Evolution of copper removal rate and the concentration of Fe3+ cation.
5. Phase with bacteria
After the completion of the first phase of this research, chemical machining, the phase with bacteria was carried
out, using for this phase of biomachining aforementioned A.F. bacteria. Unlike the previous phase, for these tests a
suitable liquid medium, in which bacteria could live and develop, was needed. Based on the literature about
machining with bacteria (Johnson et al. (2007), Istiyanto et al. (2010) and Istiyanto et al. (2011)), the medium 
named 9K (Silverman and Lundgren, 1959) was chosen. This medium is an aqueous dissolution of various
inorganic salts, including ferrous sulfate as the source of Fe2+ cation and whose pH value must be adjusted around
2 with sulfuric acid. Its components are: 3.0g (NH4)2SO4, 0.1g KCl, 0.5g K2HPO4, 0.5g (MgSO4)*7H2O, 700 ml
water and 1 ml H2SO4 (10N).
To carry out the tests, an A.F. culture was available, which was provided by researches of the University of
Cadiz, an expert group working with this kind of bacteria. 
5.1. Bacteria growth
To 150 mL of 9K medium, with 6 gFe2+/L and a pH=1.8, 2 mL of provided A.F. inoculum was added. The 
dissolution was then incubated for 48 hours with 150 rpm shaking at a temperature of about 30oC for developing 
bacteria. Once the development was finished, most of the Fe2+ was oxidized to Fe3+ (5 gFe3+/L).
5.2. Biomachining tests
Two samples of OFC, previously weighed, were introduced in two portions of the above inoculum and two tests
were made. In the first one, Test 1, the system was kept under shaking (150 rpm) at a temperature of 32±2oC and
Test 2 was equal to the Test 1, but without shaking. In both tests, at time intervals of 1, 2, 3 and 4.5 hours, the
samples were extracted, washed and weighed in order to determine mass loss. At the same time, among other 
parameters, the concentration of Fe3+ was determined.
5.3. Results
As shown in Fig. 7, the maximum value of metal removal rate was achieved at the first hour of test, both in Test 
1 and Test 2. After that, the removal rate systematically decreased, but not linearly, with the time of exposure. In
the same figure, how the removal rates for the test performed with shaking was much higher than these one done
without shaking can be seen too.
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Fig. 7. Evolution of copper removal rate in Test 1 and Test 2.
At first, it was thought that the decrease of removal rate could be bounded to the decrease of Fe3+ concentration
and that it causes the end of chemical reactions. But, during tests Fe3+ concentrations were measured and as it can 
be seen in Fig. 8 they remained high and fairly constant after each time interval. 
Fig. 8. Evolution of the concentration of Fe3+ cation in Test 1 and Test 2.
6. Conclusions and future work
In view of the results of the tests carried out during this research, the following conclusions can be drawn.
On one hand, in tests done before biomachining ones, the importance of both Fe3+ concentration and the 
temperature value in terms of mass loss and final workpiece surface quality was observed. A major concentration
of Fe3+ causes more removed material, but in turn, it generates poor surface quality, with a higher value of 
roughness, so it should come to a compromise. However, the rise of temperature could be linked to the process
optimization, since it appears to not significantly affect the surface quality and leads to higher copper removal.
Regarding tests under bacteria presence, copper removal rates have not kept constant over time, systematically
decreasing and corroborating results published in the literature (Istiyanto et al. 2010 and Chang et al. 2008).
Furthermore, the behaviour of the removal rate was the same in both chemical machining and in biomachining (see
Figure 6 and 7). In the case of Fe3+ concentration, there is an appreciable difference between the evolution in case
of work without bacteria and work under bacteria presence: in the first one, this concentration decreased over time,
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being after 3 hours nearly zero. But with the bacteria, Fe3+ maintains more or less constant, as explained in 
Section 2. It was concluded too that if the process is carried out under shaking conditions, the values of metal 
removal rate obtained would be higher in comparison to that test done without shaking.     
With this all, it has been highlighted how biomachining process is without any doubt more complex than 
chemical machining.  
In the Bilbao Faculty of Engineering, the biomachining is an actual project and the High Performance 
Machining group along with Dpt. of Chemical Engineering and Environment is still working on this research topic. 
In a near future is expected to achieve the following objectives: 
 
 Be able to determine the concentration of the A.F. bacteria in the dissolutions and the effect of that 
concentration on the process. 
 Analyze why the removal rate decreases and find out what factors may influence it. 
 Obtain a continuous machining process. 
 Analyze roughness during process and reach to a possible “control” of it. 
 Work to implement this process in industry. 
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